Aspirin-aspirin and aspirin-leucine interactions are studied by the density functional theory (DFT) and high level ab initio calculations with second order Moller-Plesset perturbation theory (MP2). The rotational isomers of aspirin are identified by their relative stability both in gaseous phase and in water using the polarizable continuum method (PCM). Local minima of aspirin monomers in water are found to be all highly populated compared to the gas phase behavior. Homodimers of aspirin form hydrogen bonds with bond energies of 10 kcal/mol. Weak hydrogen bonds utilizing phenyl and methyl groups are also found.
Introduction
Although aspirin has been used to treat inflammatory conditions since the 1880s, the understanding of its mechanism of action is relatively new. In 1971, Vane discovered that aspirin interferes with the biosynthesis of prostaglandins.
1,2 This description was improved and detailed more recently by Garavito et al. in the late 1990s. 3−6 The biosynthesis of prostaglandins depends on 2 enzymes, cyclooxygenase1 (COX-1) and cyclooxygenase2 (COX-2). Aspirin inhibits both COX-1 and COX-2 by irreversibly acetylating both of the enzymes.
7,8 7
Despite multiple biochemical approaches to the problem, mechanism-determining quantum mechanical calculations have not yet been carried out. The potential energy surface of a single aspirin molecule in the gas phase was first fully studied by Glaser.
10 That study was carried out almost a decade ago and there are no further reports of different findings on that issue. Glaser found out from DFT calculations that there are 9 conformational isomers. These isomers are obtained by the coupling of possible rotational motion around 4 rotatable bonds of aspirin (C=O bonds of the carboxyl group and acetoxy group, C-O linkage of the acetoxy group, and O-H positioning on the carboxyl group).
Our aim for revisiting the ab initio calculations of aspirin is several fold: firstly, high precision ab initio calculations are missing in the literature. For any further rational computation of the mechanism of aspirin activity, a sound characterization of the molecule is necessary. A quantitative basis of the single molecule is crucial for calculating the properties of modified aspirin. The work by Loll et al. showed that the closely related bromoaspirin bromoacylates Ser530 of COX-1, while salicylic acid binds to Tyr355 and Arg120. 5 A quantum mechanical calculation for modifications will lead to predictions that will be invaluable for drug improvement. Finally, as a prelude to aspirin-amino acid interactions, we studied the complex of aspirin with leucine.
The crystal structure of the holoenzyme COX-1 was readily available 11 and it was viewed in GOLD
12
for the initial modeling. An aspirin molecule was docked flexibly onto the rigid enzyme and different constraints were imposed to scan for potential binding sites. The option to dock the small molecule flexibly has allowed us to maintain an unbiased approach in identifying potentially novel binding sites on COX-1 for aspirin.
Within the obtained results, we picked the site with the best docking score for aspirin. (The analytical value of this score is irrelevant, as the scores are subject to significant changes with each imposed constraint.)
This binding site consisted of 10 amino acids with exposed backbones and side chains. An additional filtering reduced the number to 3 essential amino acids that were within 5Å of the docked aspirin molecule. (The reduction from 10 to 3 suggested that the other 7 amino acids merely contributed to the shape and possibly the stability of the binding pocket.) Out of the 3 amino acids, 2 were leucines and the third was a serine residue. Because these residues were isolated from the crystal structure, certain parts of the classical amino acid structure were inaccessible for aspirin, i.e. the amino acids are part of the protein and, as such, bound by peptide bonds to the adjacent residues. Thus, we used only the accessible parts in our models, which resulted in structures resembling aldehydes. The end groups that are reduced due to peptide bonding were filled with H atoms, in order not to add more reactive species to the system. For a single aspirin molecule in the gas phase, starting out with all possible combinations of the above-mentioned rotations, we fully optimized geometries with the same methodology used by Glaser. Then a polarizable continuum (PCM) was added in order to compare the gas-phase results with those in solution. In the second step, both the gas phase DFT and the PCM calculations for the aspirin homodimers were carried out. We were able to characterize 6 basic homodimer structures. Similar to the dimerization calculations, we tried a large number of coupling schemes between aspirin and leucine moieties, designed based on possible hydrogen bonds.
There is growing interest in the computational chemistry of the so-called non-covalent interactions. Hydrogen bonding and the π -stacking interactions are 2 main elements of this area. Determining π -stacking energy is a difficult task requiring detailed calculations of the correlation energy, whereas hydrogen bonding can be studied with relatively simple ab initio or DFT techniques.
13
Hydrogen bonding is a well-known concept; however, it plays an extremely important role in a large class of chemical and biochemical problems. A recent article 14 discusses the present state and the future of the hydrogen bond, stating that many hydrogen bonds can be formed or broken at normal temperatures due to their relative weakness compared to chemical bonds,. This behavior results in complex dynamics in many chemical problems.
Two important areas where hydrogen bonding plays a significant role are the macromolecular and nucleic acid interactions, where structural stability is strictly controlled by the strength and number of these bonds. With highly accurate applications of ab initio and DFT methodologies, as well as molecular simulation techniques, these interactions can be studied very accurately. In the case of macromolecules, we have previously studied hydrogen bonding in polyureas and polyurethanes quantum mechanically and correlated physical properties of such systems to the relative strengths of monomer-monomer interactions.
15−17
In this work, we present detailed DFT calculations of aspirin molecules, aspirin homodimers, and aspirinleucine complexes as prototypes of aspirin-protein interactions. The possibility of various types of hydrogen bonds and their relative strengths should be an important step in understanding this highly complex problem.
Computational results and discussions
We used Gaussian 09 18 We started by repeating Glaser's study 10 and locating all of the rotational conformers of aspirin. In addition to all 9 isomers reported, we found a new isomer that lies at a relatively high energy. The structures of isomers are given in Figure 1 .
In order to get the correct energy ordering of aspirin isomers, we proceeded with MP2 calculations of DFT optimized structures and employing correlation-consistent basis sets of cc-pVDZ and cc-pVTZ, as well as the augmented set of aug-cc-pVDZ. The geometry of each isomer was also optimized within MP2 theory with cc-pVDZ and aug-cc-pVDZ basis sets. The relative energy ordering for these calculations is given in Table 1, where the nomenclature used by Glaser is also included. Our results of energy differences between isomers from DFT calculations match those reported by Glaser for all 9 isomers. The novel isomer's energy (numbered 9 in our scheme) is 11.08 kcal/mol above that of the most stable conformer. Vibrational frequencies of this structure, as well as all the known conformers, have been computed and they correspond to real minima on the potential energy surface of the ground state. Energy values reported in Table 1 for MP2 and CCSD calculations are single-point energy values using the DFT optimized geometries. The relative energy ordering does not change drastically upon including the electron correlation. Only small variations occur for 3 structures with very close energy values, namely 5, 6, and 7. We also used full geometry optimizations with MP2 formalism. The relative energies of conformers decrease only slightly, showing that the geometry optimizations with DFT are sufficiently accurate. In order to compare the gas-phase results with those in solution we used the polarizable continuum model (PCM) 21 as implemented in Gaussian 09. This approach does not treat the specific long-range interactions.
Such interactions can be incorporated into the model using the supermolecule approach, where the solvation shells are formed from individual solvent molecules. However, a proper description of the solvation shell requires a rather large number of solvent molecules and we decided to proceed with PCM. In this approach, the solvent is treated as a continuum characterized by its dielectric constant (ε); a cavity containing the solute molecule is created within this solvent. This cavity is formed from overlapping spheres so that the shape of the solute molecule can be incorporated into the calculations. There are no solvent molecules within the cavity and the solvent outside the cavity is polarized due to the presence of the solute. We used water as the biologically relevant solvent. The PCM calculations, again, preserve the relative ordering of the stability of isomers; however, the energy differences between isomers decrease considerably both for PCM/DFT and PCM/MP2 calculations as shown in Table 2 . We conclude that the local minima of aspirin in water are all highly populated compared to the gas phase behavior. These results are again for single point energies from DFT geometries. However, upon optimizing the geometries within the PCM formalism, we did not detect any significant differences from the single point results.
It is interesting to note that the internal hydrogen-bonding does not play a significant role in the stability of conformers. Isomers 3 and 8 display internal hydrogen bonds between the acidic hydrogen and the ester oxygen of the acetoxy group. These bonds are between 1.80 and 1.85Å and they form 6-membered rings. Conformer 4 also has a hydrogen bond but in this case the carbonyl oxygen of the acetoxy group is involved. The H. . . O distance is still 1.85Å but now a 7-membered ring is formed. These conformers are definitely not the most stable ones, since steric effects cancel out the additional stability of intramolecular hydrogen bonds. The vibrational spectra of all isomers were calculated within DFT as described above. The spectra display the same characteristics except for the isomers with internal hydrogen bonding. The most pronounced shifts for these cases were observed in the O-H stretching frequency of the carboxylic acid, which was reduced by 50-100 wave numbers for structures 3, 4, and 8 compared to other non-hydrogen bonded isomers. Unlike the inter-molecular hydrogen bonds we studied, 15−17 C=O stretching was not strongly affected by intra-molecular interactions.
Aspirin homodimer
A recent crystal structure study discusses the issue of the "elusive" form of the aspirin. 22 The regular crystal packing of aspirin (form I) has double hydrogen bonds formed by alternating carboxylic acid and acetoxy groups.
Form II dimers are connected by utilizing the hydrogen atoms from either methyl or phenyl groups. Since the second type of bonding should be considerably weaker than standard bonds using the carboxylic acid hydrogen, this form was not observed for some time. This polymorphism has also been studied by a mixture of ab initio and classical methods.
23
The dimerization of aspirin occurs due to the formation of various inter-molecular hydrogen bonds. In order to study both the strongly bonded aspirin dimers and also their relatively weak analogs, we examined the conformational space in detail by optimizing a large set of initial structures. A complete search of the aspirinaspirin conformational phase space is not an easy task due to the existence of 10 conformational isomers. The rotations of the methyl group also introduce additional degrees of freedom to the search of possible dimer structures. However, some of the coupling schemes of these isomers cannot lead to hydrogen bonding and they can safely be discarded. Finally we proceeded to select all isomer-isomer pairs, which may result in a hydrogenbonded structure, not just through carboxylic acid and acetoxy groups but also through hydrogen atoms from the methyl and phenyl groups.
It is clear that the lowest energy conformers should have 2 hydrogen bonds. In the main pattern, either can form one-dimensional chains that result in the standard crystal packing of aspirin. The remaining part of the phase space of aspirin-aspirin dimer consists of various funnels, where a large number of local minima form various basins. These different local minima correspond to small structural variations of a stable dimer conformer. Most of the variations are due to the relatively free rotations around C-O and C-C bonds.
Similar to the single molecule calculations, we used the B3LYP exchange functional with 6-31g(d) basis set for the geometry optimizations. After optimizing a large number of possible coupling schemes, we selected the basic types of dimer conformers where we were able to characterize 6 unique structures. A summary of the binding energy of homodimers is given in Table 3 . The interaction energies were calculated with the super molecule approach and then corrected for the basis-set-superposition-error (BSSE) by the counterpoise method. As this was a rather small basis set, BSSE corrections were about 25% of the interaction energy of the strongly bound cases and they could go up to 50% for the weaker bonds.
The global minimum of the aspirin-aspirin dimer was designated as type A (Figure 2 ). In this structure, 2 phenyl rings were perpendicular to each other. Double hydrogen bonds were formed by the carboxylic acid groups. The O. . . H distance was 1.7Å, which is exceptionally short. The dihedral angle between acid groups was around 20
• . The next lowest lying conformer (B) was only 1.7 kcal/mol less stable than conformer A. One of the hydrogen bonds was similar to that in conformer A, i.e. between 2 carboxylic acid groups. The other bond was between the hydrogen of the carboxylic acid and the carbonyl oxygen of the acetoxy group. The distances were 1.70 and 1.80Å, respectively.
Both of these structures were stable as they include double hydrogen bonds. The most stable dimer with a single hydrogen bond was the conformer C, where 2 carboxylic acid groups formed a single hydrogen bond. The free hydrogen in the carboxylic acid formed an internal hydrogen bond with the ester oxygen of the acetoxy group. As expected, the interaction energy was almost exactly half of that of the most stable conformer A. The hydrogen bond length was found to be 1.80Å. A close-lying conformer D could be described in terms of a hydrogen bond formation between the carboxylic acid hydrogen and the carbonyl oxygen of the acetoxy group similar to that of conformer B with the bond length of 1.77Å. These calculations show that interactions between 2 carboxylic acid groups or carboxylic acid-acetoxy groups are of similar strength, around 8-9 kcal/mol, and have bond lengths of 1.7-1.8Å. The conformer E was 3.0 kcal/mol less stable than those with single hydrogen-bonded structures. Here the carboxylic acid hydrogen interacts with the ester oxygen of the acetoxy group with a bond length of 1.91Å. The final conformer F was the least stable one, with 2.6 kcal/mol interaction energy. As described by Vishweshwar et al., 23 form II of aspirin has methyl C-H. . . O and phenyl C-H. . . O bonds. Conformer F had 2 weak hydrogen bonds: the first one was between the phenyl hydrogen and the carbonyl oxygen of the acid group at 2.43Å and the second one was between the methyl hydrogen and the carbonyl oxygen of the acetoxy group at 2.63Å.
MP2 calculations strongly enhanced the interaction energies especially for the weaker conformers, but it is known that MP2 favors long range interactions. Therefore, the actual bond energies should fall between these 2 sets of values. Even though the augmented basis set of aug-cc-pVDZ is a reasonably large one, BSSE corrections were not negligible and should not be ignored.
Zero-point (ZPE) corrections to the interaction energies were computed from frequency calculations. ZPE corrections were calculated for both supermolecule and fragments separately, scaled by 0.9804. Then the total ZPE correction was obtained from the differences between ZPE corrected total energies. In all structures, these corrections were between 0.6 and 1.6 kcal/mol. These corrections are found to be the same order as in aspirin-leucine complexes and hence the values reported are without the ZPE corrections.
Overall, we can safely conclude that hydrogen bonds between carboxylic acid and acetoxy groups are of similar strength, with around 10 kcal/mol bond energies and 1.7-1.8Å length. If 2 simultaneous bonds are formed, then the bond energies can be treated as additive quantities. BSSE corrections are significant for both methods studied. Finally ZPE corrections are small compared to bond energies and do not affect the stability of the hydrogen bonded complexes.
Aspirin-leucine complexes
Similar to our studies of the dimerization, we tried a large number of possible coupling schemes between aspirin and leucine moieties. Leucine was specifically chosen due to the abundance of leucine residues near the aspirin binding pocket of COX-1. These are LEU 92, 93, 99, 112, 115, 117, 123, 531, 534, and 535 as can be seen in the crystal structure given by the Protein Data Bank file 1PTH.PDB. Both aspirin and leucine can donate and receive hydrogen atoms in the bonding, resulting in many different types of conformers. We were able to locate 7 different structures for the aspirin-leucine supermolecule. The structures are given in Figure 3 and the BSSE corrected interaction energies in the gas phase are given in Table 4 .
The global minimum on the potential energy surface belongs to the structure L A, where the acidic hydrogen of aspirin was bonded to the nitrogen of leucine. The hydrogen bond length (1.68Å) was slightly shorter than those in the dimers of aspirin. The second conformer L B displayed a hydrogen bond utilizing the acidic hydrogen of aspirin bonded to the oxygen of the amino acid. At the same time, a carbonyl oxygen of the aspirin formed a relatively long hydrogen bond with both amine hydrogen atoms. One of these bonds was 1.78Å, while the second one was around 2.05Å. The final conformer that had similar stability to L C probably belongs to the same group of local minima with L B. Here the N-H..O distance was too large to have a significant effect on the stability. If the acetoxy group of the aspirin is involved in the hydrogen bonding, then the supermolecule was considerably less stable than all conformers described above. Conformer L D had a hydrogen bond between the carbonyl oxygen in the acetoxy group and the amine hydrogens. The bond lengths were now 2.14Å. Similarly, the conformer L E now bonded the ester oxygen in the acetoxy group and the amine hydrogen with the distance again being around 2.15Å. In both cases the BSSE corrected interaction energies were between 2 and 4 kcal/mol. Finally, we tried to locate structures where methyl and phenyl hydrogens were involved. Conformers L F and L G were such cases with weak interactions in the order of 1 kcal/mol. MP2 results showed stronger interactions compared to DFT calculations. As we discussed in the dimerization of aspirin, this increase in energy is mostly due to the fact that MP2 favors long distance interactions (for these supermolecules there are more long-range hydrogen bonds than aspirin dimers), whereas DFT underestimates them. Still, MP2 results for the last 2 conformers were well within the error bounds of the calculations, showing that such bonds might be stable at room temperature. The stabilities of these conformers in water, again calculated within the PCM formalism, display slight deviations from their gas phase counterparts. However, they are not significant enough to warrant a separate discussion. All of these structures have all positive eigenvalues of the Hessian and therefore correspond to real minima. As in the aspirin-aspirin complexes, ZPE corrections are not included in Table 3 . 
Conclusions
Our computational studies show that dynamics of aspirin-amino acid complex can be understood in terms of the number, type and strength of hydrogen-bonding. There are isomers of the aspirin molecule that exhibit intramolecular hydrogen bonding although they are not the most stable ones. However, all these isomers are populated at room temperature, especially when in solution.
There are competing hydrogen bonds between aspirin-aspirin and aspirin-leucine molecules. The most stable bonds involve the acetoxy and carboxylic acid groups of aspirin and the amine group of leucine. However, there are relatively weak isomers where methyl and phenyl hydrogens are also involved in hydrogen-bond formation. These unusual methyl-or phenyl-coordinated hydrogen bonds in biological systems have been proposed before and were recently detected by NMR spectroscopy. 24, 25 In the case of the aspirin-aspirin complexes, hydrogen bonds through carboxylic acid groups are about 8-9 kcal/mol in an additive nature, that is if there are 2 such bonds, the total stability reaches 20 kcal/mol. For the aspirin-leucine complexes, the hydrogen bonds through amine groups are considerably stronger with 15 kcal/mol. In all cases, there is a variety of structures with weaker hydrogen bonds. These local minima are accessible at room temperature and so understanding (the mechanisms of) aspirin-amino acid interactions should include all these possible structures. Among those interactions, a particularly significant one is obtained in the inhibition of the protein cyclooxygenase, COX, as discussed above. Different mechanisms have been suggested for the inhibitory role of aspirin, 7 and a precise evaluation of the hydrogen bonding established by aspirin is crucial for a better understanding of the mechanism.
